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In t roduc t ion  
A knowledge of t h e  a v e r a g e  a r o m a t i c  r i n g  s i z e  i n  c o a l s  is use fu l  not on ly  in  indi-  

ca t ing  the a p p r o p r i a t e  c h e m i s t r y  o n e  m i g h t  u s e  f o r  c o n v e r s i o n  to  f u e l  o i l ,  bu t  a l s o  
as a n  i n d i c a t o r  of p o s s i b l e  phys io log ica l  e f f ec t s  of c o n t a c t  wi th  c o a l s  and  c o a l  p rod-  
u c t s .  In p r inc ip l e ,  NMR o f f e r s  t h e  capab i l i t y  of a d i r e c t  d e t e r m i n a t i o n  of a v e r a g e  
r i n g  s i z e  v i a  a n  iden t i f i ca t ion  of t h e  f r a c t i o n s  of I3C a n d  'H i n  coa l s .  T h r e e  f a c t o r s  
p r e v e n t  u s e  of conven t iona l  NMR f o r  t h i s  p u r p o s e  i n  so l id  c o a l s .  
e f f ec t  of h o m o n u c l e a r  and  h e t e r o n u c l e a r  d ipo la r  i n t e r a c t i o n s  which  l e a d  to  l inewidths  
of h u n d r e d s  of p p m  f o r  both 1H a n d  13C i n  so l id  coa l s ( l a*b) .  
t h a t  e v e n  in  the  a b s e n c e  of d i p o l a r  b roaden ing ,  c h e m i c a l  sh i f t  a n i s o t r o p i e s  of 'H can 
b e  a s  l a r g e  as 34  ppm(') f o r ,  e .  g. t he  s i n g l e  s p e c i e s  'H i n  HZO(s ) ,  s u c h  t h a t  a r a n -  
d o m l y  o r i e n t e d  so l id  s a m p l e  con ta in ing  m a n y  p r o t o n s  i n  d i f f e ren t  c h e m i c a l  env i ron -  
m e n t s  would exhib i t  a n  NMR s p e c t r u m  i n  which  ind iv idua l  p ro tons  could  not be  e a s i l y  
iden t i f i ed .  A s i m i l a r  s t a t e m e n t  a p p l i e s  to  NMR s p e c t r a  of 13C in s o l i d s .  
f a c t o r  pecu l i a r  to  c o a l s  is  the  p o s s i b i l i t y  of a n  e n o r m o u s  n u m b e r  of c h e m i c a l l y  
sh i f t ed  s p e c i e s  of a g iven  nuc leus ,  l ead ing  t o  NMR s p e c t r a  which a r e  s t i l l  s e v e r e l y  
ove r l app ing  i n  t h e  a b s e n c e  of b r o a d e n i n g  due  t o  d i p o l a r  and chemical s h i f t  i n t e rao t ions .  

o !ar iza t ion  t o  e n h a n c e  s e n s ~ t i v i t y ( ~ )  c o m b i n e d  with 
s t r o n g  h e t e r o n u c l e a r  d e c o ~ p l i n g ( ~ ? a n d  m a g i c  ang le  sp inn ing(5 )  t o  remove heteronuclear 
d i p o l a r  b r o a d e n i n g  a n d  c h e m i c a l  sh i f t  a n i s o t r o p y  b roaden ing  a r e  u s e d  t o  d i s t ingu i sh  
a l i p h a t i c  f r o m  a r o m a t i c  13C i n  P o c a h o n t a s  # 4  v i t r a i n ,  a n d  S t a r  v i t r a i n .  
ro t a t ion  and  mul t ip l e  pu l se  ( N M R )  s p e c t r o s c o p y  ( C R A M P S ) ( 6 )  a r e  s i m i l a r l y  u s e d  to 
n a r r o w  NMR s p e c t r a  of lH in  t h e s e  c o a l s .  
13C thus  i n f e r r e d  a r e  u s e d  to  e s t i m a t e  a n  a v e r a g e  a r o m a t i c  r ing  s i z e  in  the  s a m p l e s  
inves t iga t ed .  

E x p e r i m e n t a l  

T h e  f i r s t  is the 

T h e  s e c o n d  i s  t he  f a c t  

A t h i r d  

In the p r e s e n t  work ,  c r o s s  

Coml)ined 

T h e  r a t i o s  of a l ipha t i c  to  a r o m a t i c  and 

T h e  NMR s p e c t r o m e t e r  u s e d  f o r  d e t e r m i n a t i o n s  of s p e c t r a  of both lH and  13C h a s  
8). p r e v i o u s l y  b e e n  d e s c r i b e d ,  ( l a )  a s  h a v e  t h e  p r o b e s  u s e d  f o r  m a g i c  ang le  

T h e  Vi rg in i a  c o a l  ' P o c a h o n t a s  # 4 " w a s  supp l i ed  by H. L. Re tco f sky  of the  P i t t sbu rgh  
E n e r g y  R e s e a r c h  c e n t e r  of t h e  U. S. D e p a r t m e n t  of E n e r g y .  
I o w a  c?al ' 5 t a r " w a s  supp l i ed  by Dr .  D. L. Biggs of the  Iowa S ta t e  Un ive r s i ty  De-  
p a r t m e n t  of E a r t h  S c i e n c e s  a n d  t h e  A m e s  L a b o r a t o r y  of t h e  U. s. D e p a r t m e n t  of 
E n e r g y .  
p r e v i o u s l y  r e p o r t e d .  (l) R e s u l t s  of t h e s e  a n a l y s e s  a r e  g iven  in  T a b l e  I. 

A v i t r a i n  po r t ion  of the 

T h e  c o a l s  w e r e  a n a l y z e d  f o r  m a j o r  cons t i t uen t s  and  f r e e  r a d i c a l  con ten t  a s  

R e s u l t s  
The high r e s o l u t i o n  so l id  s t a t e  s p e c t r a  of 13C in  both c o a l s  a r e  shown i n  F i g u r e l .  

T h e  h igh  r e so lu t ion  so l id  s t a t e  s p e c t r u m  of lH i n  2 , 6  dimethylbenzoic ac id  is shown in 
F i g u r e  2,  a s  an  ind ica t ion  of t he  r e s o l u t i o n  a v a i l a b l e  with e q u i p m e n t  u s e d  i n  the p r e s -  
e n t  e x p e r i m e n t s .  
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T h e  high r e s o l u t i o n  s o l i d  s t a t e  s p e c t r a  of 1H in both c o a l s  a r e  



shown i n  Figures  3 and 4 .  Also ind ica t ed  i n  Figures  2 - 4 are t h e  Lorentzian 
l i n e s  used t o  approximate the  t o t a l  experimental  s p e c t r a ,  i nd ica t ed  by c rosses  
(t), and the  sum of these  l i n e s  ind ica t ed  by the  smooth curve through the 
experimental  po in t s .  

I 
[> 

The mole r a t i o s  o f  aromatic  hydrogen t o  aromatic  carbon implied by the  
, elemental  analyses  given i n  Table I ,  and t h e  f r a c t i o n s  of aromatic  t o  t o t a l  hydrogen 

and carbon ca l cu la t ed  from t h e  r e s u l t s  of e s t ima t ing  the  in t eg ra t ed  a r e a s  
a s soc ia t ed  with these spec ie s  as shown i n  Figures  2 - 4 y i e l d  the  fol lowing 

these 
numbers seem a b i t  s u r p r i s i n g ,  because Pocahontas,  having t h e  h ighe r  carbon con ten t ,  
is  a n  o l d e r  c o a l ,  and one would expect  a l a r g e r  r i n g  s i z e  t o  correspond to  t h e  
more "grapni t ized" ma te r i a l .  A h i t  o f  r e f l e c t i o n ,  a s  i l l u s t r a t e d  by t h e  e n t r i e s  
i n  Table  11, might h e l p  t o  remove the  amhigriity. 

i 

/ values  f o r  (H~~/c , , ) :  Pocahontas 8 4 ,  0.53; S t a r ,  0.40. A t  f i r s t  thought ,  

TARE I 

Elemental  ana lyses ,  W t L  ( m a f ) ,  f r e e  r a d i c a l  concen t r a t ion ,  and f r a c t i o n s  
of aromatic  hydrogen and carbon. 

SAMPLE 

I' 

xs Ce ' J ,  s p i n s  g - 'xlo -19 a 
A r A r  

f C  f H  % C  %H %N - -  - -  - -  
Pocahontas #4 90.3(2) 4 . 4 3 ( 4 )  1.28 0.85 4 
V i t r a i n  

0.86 0.77 

S t a r  V i t r a i n  77.0(1) 6.04(4) 1.17(14) 5 .02  1.6 0.71 0.31 

a 
Determination made o n  unheated sample 

Table  I1 

Average aromatic r i n g  s i z e  as a func t ion  of H A ~ / C A ~  and connec t iv i ty  

0 .83 0.70 a 
0.60 

& 
0 . 4 2  

0.40 +%& 
0.41 

@ 
0 .35  

I 



i 
The p o i n t  t o  be made from Table I1 i s  t h a t  the  average a romat ic  r i n g  

s i z e  i n f e r r e d  from t h e  a r o m a t i c  hydrogen t o  carbon r a t i o s  depends a good 
d e a l  upon the  number of s i d e  c h a i n s ,  o r  f u n c t i o n a l  groups,  i n d i c a t e d  by 
t h e  symbol fv i n  T a b l e  I1 , connected t o  t h e  r i n g  i n  ques t ion .  We s e e  t h a t  
a value of 0.53 f o r  t h i s  r a t i o  is not  i n c o n s i s t e n t  w i t h  an average  r i n g  s i z e  
of  t h r e e ,  w i t h  two connec t ions  p e r  polyaromatic r i n g .  On t h e  o t h e r  hand, a value 
o f  0.40 i s  not i n c o n s i s t e n t  w i t h  an average  r i n g  s i z e  of two, w i t h  f o u r  
connections p e r  po lyaromat ic  r i n g . ( b u t  is a l s o  not  i n  disagreement w i t h  a n  average 
ring s i z e  of  f o u r  t o  s i x ,  as i n d i c a t e d  i n  the  f o u r t h  column o f  Table 11). 
O u r  p resent  p r e j u d i c e  i s  t h a t  t h e  average polyaromatic hydrocarbon r i n g  s i z e  in  
t h e  o l d e r  c o a l  should  b e  g r e a t e r  than  t h a t  i n  t h e  younger. With what we f e e l  a r e  
reasonable  v a l u e s  f o r  c o n n e c t i v i t i e s ,  w e  thus  i n f e r  t h a t  t h e  average  polyaromatic 
hydrocarbon r i n g  s i z e  i n  Pocahontas t 4  i s  no g r e a t e r  than  t h r e e ,  and t h a t  i n  
S t a r  no g r e a t e r  t h a n  t w o ,  t h e  va lues  t h u s  i n f e r r e d  being dependent upon t h e  
assumption t h a t  on  t h e  average .  t h e  younger c o a l  has more a l i p h a t i c  c h a i n s  
a t t a c h e d  t o  t h e  r i n g s .  I n f e r e n c e  from 1% s p e c t r a  a l o n e  y i e l d  similar va lues(9) .  

O n e  source  o f  e r r o r  i n  t h e  above i n f e r e n c e s  is  t h e  f r a c t i o n  a romat ic  carbon, 
s i n c e  it is known t h a t  n o t  a l l  carbon are p o l a r i z e d  i n  c r o s s  p o l a r i z a t i o n  experi-  
ments ( l0) .  A second most obvious source  of  e r r o r  is  t h e  accuracy  of r e s o l v i n g  
t h e  high r e s o l u t i o n  s o l i d  state s p e c t r a  of  protons i n  these  c o a l s .  The former 
e r r o r  would tend  t o  i n c r e a s e  t h e  r i n g  s i z e  on t h e  average ,  s i n c e  i t  is q u i t e  
probable t h a t  the carbons  n o t  s e e n  i n  c r o s s  p o l a r i z a t i o n  experiments a r e  i n  t h e  
neighborhood of s t a b l e  f r e e  r a d i c a l s ,  c h a r a c t e r i z e d  by r e l a t i v e l y  l a r g e  polyaromatic 
hydrocarbon r i n g s .  Re laxa t ion  t i m e s  o f  pro tons  under t h e  s p i n  locking  condi t ions  of 
t h e  c ross  P o l a r i z a t i o n  experiments('') may be s u f f i c i e n t l y  s h o r t  t o  o b v i a t e  
e f f e c t i v e  c r o s s  p o l a r i z a t i o n .  Spin  count ing  of  pro tons  wi th ,  and wi thout  

t h e  p r e s e n t  samples a r e  be ing  d e t e c t e d  under t h e  h igh  r e s o l u t i o n  s o l i d  s t a t e  
techniques used i n  t h e  p r e s e n t  work. 

Strong h o ~ ~ n o c l e ~ r  decnupling indicates t h a t  a t  Least 95'1 of t h e  protons i" 
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H in POCAHONTAS #4 VITRAIN 

fAr = 0.71 

Figure 3 
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Figure 4. 

94 



R e f e r e n c e s  
1. a ) B .  C. G e r s t e i n ,  C. Chow, R.  C. P e m b l e t o n ,  a n d  R. C. Wilson, J. P h y s .  

C h e m .  565-70  (1977). 

L. M. Ryan, R. C. Wilson, and  B. C. G e r s t e i n ,  C h e m .  P h y s .  Lett .  2, 341-4 
b)H.  L. Re tco f sky  and  R. A .  F r i e d e l ,  J. Phys .  Chem.  77, 68-71 (1973) 

' t 
j 2.  

3.  
4. 

7.  

8. 

9 .  

10. 

11. 

~ 

(1977). 
S. R. H a r t m a n  a n d  E. L. Hahn, P h y s .  Rev .  128, 2042-53 (1962). 
A. P i n e s ,  M. G. Gibby. a n d  J. S. Waugh, J. C h e m .  P h y s .  2, 569-95  (1973) 
E. R. Andrew,  in  ' P r o g r e s s  in Nucli-ar Magnct ic  Rcsonancc  S p c c l r o s c o p y "  
Vol. 8, P a r t  I, Ed. J. W .  Ems1c.y. J. Fccncy ,  a n d  L. H. Sutclil'f, 1'c:rgarnon 
P r e s s  (1971). 
B. C. C e r s t e i n ,  R. G. P e m b l e t o n ,  12. L. Wilson, and  L. M. Ryan, J. C h e m .  
P h y s .  66, 361-2 (1977). 
R. G. Pernble ton ,  L. M. Ryan, and B. C. G e r s t e i n ,  Rev .  Sci .  I n s t r .  8, 
1286-9 (1977). 
P. D. Murphy a n d  B. C. G e r s t e i n ,  R e p o r t  # IS-4388,  Iowa S ta t e  Un ive r s i ty ,  
(1978). 

H.L. Retcofsky and D.L. VanderHart, Fue l  57 ,421  (1978). 

D.L. VanderHart and H.L. Retcofsky, Fue l  2, 202 (1976). 

B.C. Gers te in  "Fingerpr in t ing  Sol id  Coals Using Pulse and Multiple Pulse  
Nuclear Magnetic Resonance", Chapter 5 2 ,  i n  V o l  2, Analy t ica l  Methods f o r  
Coal and Coal Products , Ed. Clarence Karr ,  J r . ,  Academic Press  ( c i r c a  1979). 

95 


